Hummingbird tongues pick up a liquid, calorie-dense food that cannot be grasped, a physical challenge that has long inspired the study of nectar-transport mechanics. Existing biophysical models predict optimal hummingbird foraging on the basis of equations that assume that fluid rises through the tongue in the same way as through capillary tubes. We demonstrate that the hummingbird tongue does not function like a pair of tiny, static tubes drawing up floral nectar via capillary action. Instead, we show that the tongue tip is a dynamic liquid-trapping device that changes configuration and shape dramatically as it moves in and out of fluids. We also show that the tongue-fluid interactions are identical in both living and dead birds, demonstrating that this mechanism is a function of the tongue structure itself, and therefore highly efficient because no energy expenditure by the bird is required to drive the opening and closing of the trap. Our results rule out previous conclusions from capillarity-based models of nectar feeding and highlight the necessity of developing a new biophysical model for nectar intake in hummingbirds. Our findings have ramifications for the study of feeding mechanics in other nectarivorous birds, and for the understanding of the evolution of nectarivory in general. We propose a conceptual mechanical explanation for this unique fluid-trapping capacity, with far-reaching practical applications (e.g., biomimetics).
henomena driven by surface tension are important in a variety of biological systems (1, 2) , and in recent years the importance of working with living organisms to test theoretical biophysical models [e.g., trees (3, 4) , arthropods (5) (6) (7) (8) , and birds (9, 10)] has become evident. Exploration of natural solutions to specific fluid dynamics challenges has provided conceptual tools fostering practical advances in a wide array of fields (11, 12) . Discovery of new biophysical mechanisms opens doors to new applied research lines [e.g., biomimicry (13, 14) ]. We report here on a previously undescribed mechanism of fluid capture and transport in nature, performed by the tongue of hummingbirds.
The tetrapod tongue evolved to facilitate feeding on land, and in many taxa its primary function is to transport captured food to where it can be swallowed (15) . Nectarivores, however, have evolved specialized tongues that function as their primary foodcapturing device (Fig. 1A) . Hummingbirds are the most specialized nectar-feeding vertebrates (16, 17) ; thus, we would expect them to possess a highly efficient liquid extraction system.
Since first proposed in 1833, it has been believed that the tongue tips of hummingbirds are loaded with nectar by means of capillary rise (18) . Detailed biophysical models of nectar-feeding strategies developed almost 30 y ago were based on this idea (19, 20) . Since then, all models of foraging strategy (including those predicting concentration preferences) and energy balance in hummingbirds have calculated calorie intake rate under the assumption that the tongue tip is in the form of a pair of semicylindrical grooves that fill passively via capillarity when in contact with the nectar (21) (22) (23) (24) (25) (26) . The notion that fluid is drawn toward the mouth from the tongue tip and along the lingual grooves through the action of capillarity is currently widely accepted (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) . However, if capillarity were responsible for tongue loading, the aid of gravity should increase nectar-uptake rates at pendulous (downward facing) flowers, yet empirical work in recent years has failed to demonstrate any consistent correlation between nectar extraction rates and flower position (26, 29) . Similarly, according to the parameters of the capillarity models (19, 20) , maximum energy intake is predicted to occur with nectar at low sugar concentrations [20-40% (mass/mass)]. Nonetheless, in experimental studies, hummingbirds offered a range of nectar concentrations (spanning those found in wild flowers) preferred higher values [45-65% (21, 24, 30-32) ]. Such inconsistencies suggest that a mechanism other than capillarity is involved during tongue loading.
Here, we provide evidence for a different nectar-uptake mechanism and offer a biophysical hypothesis for our observations of tongue-nectar interactions. We found that, contrary to the capillarity models, hummingbird tongue tips dynamically trap nectar by rapidly changing their shape during feeding ( Fig. 2 and Movies S1 and S2). High-speed video observations show that an entire tongue transformation cycle occurs in as little as 1∕20th of a second (cf. ref. 33 ). This oscillating transformation is driven by fluid and atmospheric forces acting directly on morphological elements of the tongue tips. This description of a (highly efficient) dynamic liquid collecting mechanism has implications for the development of capillary-driven self-assembly of flexible structures (34, 35) , and may be useful in microfluidic (36, 37) and microelectromechanical (34, 38) systems with a broad range of applications [e.g., micropliers (39) ].
Results Hummingbird Tongue Morphology. Earlier studies have shown that the distal portion of a hummingbird tongue is bifurcated, with each side forming a groove (by the sides furling inward) when the structures are wet, and that the tongue tips have membranous edges that are fringed with lamellae (18, (40) (41) (42) . We provide here previously uncharacterized morphological details. We examined the fringed (lamellar) region of the tongue tip of 120 specimens in 20 species of hummingbirds (Table S1 ). We found that the last approximately 6 mm of the tongue (regardless of its total length) is structured in a previously undocumented arrangement ( Fig. 1 B-D) . The lamellae are supported longitudinally by rods (cf. ref. 40 ), and we found that these structures change their relative position both anatomically (along the tongue's length; Fig. 1 C and D) and dynamically (during the process of feeding; Fig. 2 ). The change in orientation of the supporting rods in resting position, from the dorsal (proximally) to the ventral side (distally, at the tips) of the tongue ( Fig. 1 C and D) , allows the rotation of the tongue tips when they are withdrawn from the nectar ( Fig. 2B and Movie S3), which in turn could improve liquid collection in shallow nectar layers (a common condition in horizontal flowers).
Mechanics. We used high-speed video, at rates up to 2;400 frames∕s, to document the mechanics of whole, unaltered hummingbird tongues moving in and out of nectar. We filmed 30 free-living birds (10 species; Table S1) attracted to a modified feeder; hereafter, we refer to these results as in vivo observations. To improve visualization of the mechanics, and to assess the degree of control of the mechanism that birds might exert via tongue muscles, we also used 20 tongues removed from salvaged carcasses of dead hummingbirds (4 species; Table S1 ). We emulated position and movements of the tongue and air-nectar interface under controlled laboratory conditions. The results from these salvaged specimens are hereafter referred to as post mortem observations.
Both the in vivo and post mortem observations reveal that before entering the fluid the tongue is wet (with some nectar inside) and the lamellae are tightly furled in a flattened tube-like conformation, with the tongue tips adhering to each other, forming a pointed, unitary structure ( Fig. 1 B and C) . Upon contact with fluid, the lamellae immediately unfurl and the tips separate (shown in vivo in Movies S1 and S2). At full immersion, the tongue tips are completely bifurcated and the lamellae entirely extended (Fig. 2, 0 ms) . As the tongue is withdrawn from the fluid, the lamellae roll inward, trapping the nectar (shown post mortem in Movie S3). In vivo observations were wholly consistent with the higher-resolution visualization provided by manipulated post mortem tongues.
Post mortem observations were particularly useful in observing the details of the tongue furling process because they could be made under the highest magnification and the highest filming rate. As the tongue is withdrawn from the nectar, each lamella begins closing just before it passes the air-nectar interface, and is fully closed by the interface itself (shown post mortem in Movie S4). This implies that physical forces at the nectar surface are involved in the liquid collection (Fig. 3) . We also noted that the progressively smaller lamellae toward the tongue tip (Figs. 1D and 2A) impart a conical shape, distally closed, at the furled tip when the tongue is withdrawn from the nectar (shown post mortem in Movie S3). We surmise that this creates a "lingual seal," preventing fluid from dripping out of the tongue during the transit from the nectar chamber to the interior of the beak; avoiding nectar leakages could be especially important at high licking rates [approximately 17 Hz (33)] when inertial forces would tend to dislodge fluid from the tongue tip.
Our in vivo videos show that hummingbirds maintain a wider opening between the bill tips while retracting their nectar-loaded tongues than during protrusion (compare Fig. 4A vs. Fig. 4E ; cf. ref. 33) . We have observed in live birds that during tongue protrusion the bill is opened only at the tip, and apparently only enough to allow the tongue to squeeze past the upper and lower bill tips (cf. ref. 33 and Movie S1). These observations confirm that the distal portion of the tongue is furled, and compressed dorsoventrally during tongue protrusion, and that the compression is caused by the bill tips that are held closer together at this time (Fig. 4 A and B , frames in first column) than during retraction (Fig. 4 D and E) .
Discussion
Our observation of rapid lamellar unfurling rules out the idea that the hummingbird tongue tip acts as a set of static capillary tubes during nectar feeding (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) 41) . The tongue does not passively draw floral nectar up into the grooves via capillarity when its tips contact the liquid; rather, it is dynamically trapping nectar within the lamellae while the tips leave the fluid. Our work with dead specimens demonstrates that neither the unfurling nor the furling of the lamellae requires any muscular work; the process of nectar trapping results purely from the structural configuration of the tongue tips. We are unaware of any other biological mechanism for fluid trapping that is similarly dynamic, yet Discovery of this dynamic nectar-trapping mechanism defies a consensus almost two centuries old, and has broad implications for our understanding of the evolution (16, 23, 43) , energy budgets (24, 29, 44) , foraging behavior (25, 26, 45) , feeding mechanics (33, 41, 42) , and morphology of the feeding apparatus (18, 46, 47) of hummingbirds. Our morphological survey documented the existence of the structures necessary for dynamic nectar trapping in species of hummingbirds representing all nine main clades in the family (cf. ref. 48) . Thus, it is reasonable to assume, on the basis of the anatomical evidence, that the dynamic nectar-trapping mechanism documented here is present in every species of hummingbird. We suggest that dynamic nectar trapping is likely to be a component of the feeding mechanics of other nectarivorous birds with convergent tongue morphologies (26, 28, 41, 49, 50) . Mechanistically, dynamic trapping appears likely to be functionally superior to simple capillarity in two ways: (I) the tongue-loading rate is not limited by the nectar displacement inside the tongue grooves (which makes it potentially faster) and, perhaps more importantly, (ii) the tongue tip can capture fluid successfully (filling its entire capacity) even in thin layers of nectar. This should allow hummingbirds to take full advantage of even the smallest quantity of resource offered in the shortest amount of time, which also has implications for the minimum volume of nectar a flower must offer in order to attract pollination services.
From a practical point of view, further understanding of this highly efficient liquid collecting mechanism may be useful in bionics (or biomimicry); for instance, in the development of lowenergy mechanisms for trapping, transporting, and depleting fluids at high production rates, including surface interactions at the microscale (e.g., refs. 34-39) with industrial (e.g.. refs. 36 and 37) and biomedical (e.g., ref. 51) applications. But for these practical applications to be realized, it will be important to answer the question: How does it work? We offer below, as a hypothesis to be tested, an initial biophysical explanation of the nectar-trapping mechanism. This conceptual model can serve to generate testable predictions. Some qualitative predictions can be addressed with observations from this study, but most will require a deeper mathematical treatment to generate quantitative predictions that are testable with measurements of the tongue action under a variety of conditions. Biophysical Hypothesis. We hypothesize that the dynamic nectartrapping process we have observed results from the interplay among surface tension, Laplace pressure, and the elastic properties of the keratinous materials making up the tongue tip (Figs. 3 and 4) . Note that the minimum surface area state is achieved outside the nectar (Left) and the maximum surface area state is reached at the beginning of the interface (Right). When the tongue is leaving the nectar and the fluid no longer covers the outer wall of the lamella, the external component of the surface tension (γ e ) stops operating on the structure, Laplace pressure (p) begins to act and the surface area tends to be reduced by the internal component of surface tension (γ i ). The net result is the bending of the flexible lamella over the stiffer rod. Scale bar, 0.5 mm. We define the start of nectar feeding as the point at which the bird first approaches and inserts its beak into a flower, with the tongue inside the closed bill. The bird protrudes its tongue through a small aperture of the bill tips (cf. ref. 33) , and past this point the tongue continues to be flattened (Fig. 4 A and B , frames on first column). We posit that at this point (past the compression point of the bill tips) the cohesive and adhesive forces of liquid previously trapped inside the tongue and Laplace pressure keep the lamellae, and hence the grooves, at the tongue tip furled and in a dorsoventrally flattened configuration (Fig. 4A, cross-section  diagram) .
In further support of the idea that physical forces (acting on the fluid trapped inside the tongue) are responsible for keeping the lamellae furled, we have observed in post mortem specimens that when the tongue is completely dry the lamellae open and the grooves lose their cylindrical shape. Thus lamellar furling stores potential energy by bending the flexible lamellae. We suggest that this elastic potential energy is then transformed into kinetic energy when the lamellae unfurl as the tongue enters the nectar. This occurs because as the lamellae are immersed (with liquid on both the outside and the inside of the tongue), opposing surface tension forces at the air-nectar interface cancel each other out (Fig. 3C) , allowing the lamellae to open. Thus, inside the liquid, the tongue structures should be released from the forces acting on them outside the nectar pool (Fig. 4C) . Two of our observations are consistent with our hypothesis of the forces acting on the lamellae. First, as each lamella crosses the air-nectar interface, it unfurls (Fig. 4B) ; second, as the tongue penetrates further, the tongue tips separate (Movie S2).
We have also observed (both in vivo and post mortem) that when the tongue is withdrawn from the liquid, each lamella refurls as it reaches the air-nectar interface, thereby trapping nectar. We hypothesize that surface tension at the tongue-fluid interface and Laplace pressure combine to refurl the structure using the supporting rod as a closing and rotational axis (Fig. 3 B and C and Movies S3 and S4). In this model, the surface energy acting on each lamella is expected to build up when the structure approaches the air-nectar interface and should decrease with the subsequent lamellar furling (Fig. 4 D and E) . The combination of surface tension along the contact line (the change in meniscal width represented by the three-dimensionally inclined yellow arrows in Fig. 3A) and Laplace pressure should be sufficient to overcome the bending force opposing the lamellar closing (Figs. 3 B  and C and 4E) . The magnitude of the bending force involved will be quantifiable only through an understanding we currently lack of the physical properties of the keratinized tongue tissue.
Finally, we have observed that when the tongue is entirely free from the nectar pool, the forked tongue tips stick together again; we hypothesize that this results from the cohesive and adhesive forces of the liquid layer between them ( Fig. 2A, 25 ms, and Fig. 4D, cross-section diagram) .
Future Directions. Now that we have shown how nectar is captured at the tongue tip, the next step is to document the mechanics and path of nectar transport along the portions of the tongue that remain outside the nectar and inside the beak. In order to complete the cycle and initiate the nectar-ingestion process, the bird must retract the tongue within the bill and offload the trapped nectar, using an as-yet undocumented process; thereafter the cycle can start again.
Our videos showing that the tongue is dorsoventrally compressed during protraction (cf. ref. 33 , Movie S1), suggest that nectar offloading might be accomplished during the tongue protrusion phase by the beak tips "squeezing" nectar off the tongue and into the interior of the bill. It is worth noting that we expect this nectar offloading to clear fluid only from the distal-most portion of the tongue at the start of every tongue cycle. However, the portion of the tongue (and attendant grooves) that remains inside the bill would still be filled with nectar and would also need somehow to be offloaded. Furthermore, after the final lick and tongue retraction at a given flower, the whole tongue would still be loaded with nectar. This hypothesis, that hummingbirds are squeezing nectar from the tongue by protracting it through narrowly opened bill tips, is consistent with the common observation that wild hummingbirds continue cycling their tongues, with a much greater protraction distance than would be necessary inside a flower, even after the tongue has been withdrawn from it.
To actually consume the nectar, the bird must transport the offloaded nectar into the pharynx, where it can be swallowed. The mechanics of this crucial last step of nectar feeding is completely unknown, and the understanding of this process requires further study. Capillary transport of nectar in tongue grooves alone cannot account for transport of nectar from the tongue into the pharynx. In the absence of any additional forces, once the tongue grooves are fully loaded the system should reach equilibrium, and the nectar should cease to move any further. We suspect that a variety of mechanisms (such as suction, surface tension transport, and hydraulic pressure) are mediated by bill-tongue interactions actively controlled by the bird in order to move nectar to the pharynx and thence into the esophagus. Achieving an understanding of this intraoral transport system is likely to be challenging, because the process cannot be observed directly through the bill.
The conceptual hypothesis we offer here for the observed dynamic nectar trapping is in agreement with the empirical data available on hummingbird foraging preferences (21, 24, 26, (29) (30) (31) (32) . Because the force of gravity should be negligible in comparison to other forces during the lamellar closing process (Figs. 3  and 4) , no variation in the extraction rate is expected when varying flower position [in contrast to the capillarity models in which gravity is a determinant (19, 20) ] and in fact, none is consistently seen in experiments with living birds (21, 26) . Similarly, given the Reynolds number (approximately 1-10) for the different interactions at the tongue-fluid boundary, any drag due to viscosity [also a determinant in the capillarity models (19, 20) ] should be overcome by Laplace pressure and surface tension (Figs. 3 and 4) . Higher nectar concentrations are not, therefore, expected to limit fluid intake rate [nectar volume uptake (μL∕s)]. Hence, the optimal sugar concentration for a foraging hummingbird should not be limited by the loading portion of the lingual cycle. In contrast, the capillarity models predict that optimal sugar concentrations should be in the range of 20-40% (mass/mass) because those models assume that tongue loading is the rate-limiting step of uptake (19, 20) . Instead, concentrations preferred by living birds [45-65% (21, 24, 30-32) ] are more likely to be determined by mechanisms of intraoral transport yet to be investigated, or by physiological constraints on uptake and metabolism of the sugars in the nectar (52, 53) .
Our work raises anew the question: How do hummingbirds feed? Much work remains before we can explain the whole nectar-feeding process in hummingbirds and other nectarivores. Achieving a fuller understanding of the mechanics of the nectarfeeding process may help eliminate the disparity between the theoretical predictions of how birds should act and empirical observations of what they actually do. We believe that investigations of the physical basis of dynamic nectar trapping can also lead to new tools for the development of engineering applications in microfluidics.
Methods
Morphological Survey of the Tongue Tips. We examined the tongues of 20 species (three adults/sex/species, for a total of 120 specimens) representing the nine major clades of hummingbirds (Table S1 ) at magnifications up to 90×. We scrutinized the hummingbird tongues, focusing on their distal region and characterizing the three-dimensional arrangement of their different structures (grooves, supporting rods, lamellae). In our survey, we included morphologically extreme species (e.g., White-tipped Sicklebill Eutoxeres aquila, with a strongly decurved bill) as well as the species with the longest and shortest tongues (Sword-billed Hummingbird Ensifera ensifera, and Purple-backed Thornbill Ramphomicron microrhynchum, respectively). We used whole, alcohol-preserved specimens from: the Instituto de Ciencias Naturales, Universidad Nacional de Colombia; the Vertebrate Research Collection, University of Connecticut; the National Bird Collection, Smithsonian Institution; and the Department of Ornithology, American Museum of Natural History.
In Vivo Filming of the Tongue-Nectar Interactions. We worked at three different elevations (1700, 2400, 2800 m above sea level) in the Andes mountains in Colombia, South America. We filmed free-living hummingbirds of 10 species (three individuals per species; Table S1) feeding at flat-sided (as opposed to tubular, to minimize image distortion) transparent feeders filled with artificial nectar (18.6% mass/mass sucrose concentration). We filmed the tonguefluid interactions with high-speed cameras (Phantom Miro eX4, monochrome and color) with macro lenses (Nikon 105 mm f∕2.8) running at 1;260 frames∕s ( Fig. 4 and Movies S1 and S2).
Laboratory (Post Mortem) Filming of the Tongue-Nectar Interactions. We used whole tongues of five recently deceased individuals (salvaged specimens) of four species (Archilochus colubris, Colibri coruscans, Eriocnemis vestita, and Metallura tyrianthina). We fixed each tongue in place and then slid a drop of artificial nectar (18.6% sucrose concentration) on a glass microscope slide onto and off of the tongue tip ( Figs. 2A and 3A and Movies S3 and S4). We filmed the tongue-fluid interaction by coupling high-speed cameras (TroubleShooter HR and Phantom Miro eX4) running up to 2;400 frames∕s to a dissecting microscope (Olympus SZX-12) at magnifications up to 50× (Movie S4). We also coupled a digital camera (Casio EX-FH20) to the dissecting microscope to take high-resolution (7 Megapixels) still pictures at 40 frames∕s (Fig. 2A) .
Animal Welfare Statement. All hummingbird filming activities in this study were reviewed and authorized by the Institutional Animal Care and Use Committee at the University of Connecticut; Institutional Animal Care and Use Committee Exemption Number E09-010.
